Heterogeneous photocatalysis in the gas phase has been applied as a promising technique for organic syntheses in mild conditions. Modified zeolites have been used under UV irradiation as novel photocatalysts. In this study, we preliminarily investigated the photoxidation of cyclohexane on ferrierite and MoO x -functionalized ferrierite in a gas-solid continuous flow reactor. In the presence of UV light, MoO x -functionalized ferrierite showed the formation of benzene and cyclohexene as reaction products, indicating the occurrence of photocatalysed cyclohexane oxydehydrogenation. By contrast, unmodified ammonium ferrierite exhibited relevant activity for total oxidation of cyclohexane to carbon dioxide and water. The influence of Mo loading on cyclohexane conversion and products selectivity was evaluated.
Introduction
Direct oxidations of small hydrocarbons by O 2 are very unselective because of the free radical nature of the process, the high exotermicity of the reactions and/or overoxidation [1] .
Heterogeneous photocatalysis has been deeply studied as a novel method for environmental detoxification both in water and in air. Some papers are devoted to the application of heterogeneous photocatalysis in organic synthesis at ambient temperature and pressure.
Titania is by far the most-widely applied photocatalyst since it is a stable, non-toxic, cheap semiconductor, but it presents some disadvantages, such as activation only through UV-A radiation, the low surface area that induces a limited adsorption of the chemical substances to be photoconverted, and a certain easiness of recombination in form of heat of photogenerated carriers.
Indeed, under UV irradiation with photons having an energy equal or higher to that of the band gap, the semiconductor generates electron-hole pairs that migrate on the surface of the photocatalyst. The holes may interact with adsorbed species on the surface, such as H 2 O or OH − , yielding highly reactive hydroxyl radicals, able to react with adsorbed species, while the ein the conduction band with the adsorbed O 2 gives superoxide, which in turn, can give redox reactions with the substances presents at the photocatalyst surface. As a consequence the photoxidation is ruled also by the adsorption of molecules on the photocatalyst surface. Competitive adsorption is often a key aspect in the photoconversion of different substances, or the presence of selective adsorption can improve the rate of photoconversion of a certain molecule [2] .
Corma et al. [3] have reported the advantageous use of zeolites in photocatalysis. Zeolites are crystalline inorganic materials, the largest family belonging to aluminosilicate. They possess a nanoporous structure, with a framework composed of interconnected channels or cavities nanometric or subnanometric in size, labelled as micropores (0.5-2 nm) [4] . This nanoporosity confers a high microporous internal volume accessible to reactants. The pores are uniform in size, The ferrierite adsorbs benzene, toluene and cyclohexane and performs as a medium port molecular sieve. The adsorption ability of ferrierite is enhanced by acid treatments, which implies no changing in the crystal structure [24] . For this reason the focus of the work was pointed on the application of ferrierite for the photocatalytic partial oxidation of cyclohexane in gas phase. It must be taken into account that most of the literature efforts are devoted to cyclohexane photoconversion in liquid phase.
With regard to gas phase selective photocatalytic oxidation reactions, the heterogeneous photocatalytic partial oxidation of cyclohexane was studied on Au/TiO 2 photocatalysts at different gold loadings in a gas-solid photocatalytic fluidized bed reactor at high illumination efficiency, observing, as main products, cyclohexanol, cyclohexanone, and CO 2 with a selectivity strongly influenced by the gold content [25] .
Moreover it was also investigated the photoconversion of cyclohexane on MoO x supported on grafted TiO 2 /SiO 2 , exploring different loading of sulphate and Mo. Photocatalytic tests showed that benzene was the main reaction product formed during irradiation with together CO 2 and cyclohexene as by products [26] .
The photocatalytic oxidative dehydrogenation of cyclohexane on sulphated MoO x /γ-Al 2 O 3 catalysts [27] evidenced the effect of Mo loading at similar sulphate content and the effect of catalyst preparation method, achieving an almost total selectivity to cyclohexene. The catalyst selectivity is dependent on the modulation of surface acidity.
Unsulphated and sulphated titania are both active in cyclohexane total oxidation, but sulphate doping of titania induces a slowing in the reaction rate. On Mo-based catalysts, polymolybdate species enabled titania to transform cyclohexane to benzene and cyclohexene, reducing at zero the formation of CO 2 [28] .
As pointed above, no paper reports the application of zeolites in gas-phase photocatalytic selective oxidation. Therefore, in this study, we preliminarily investigated the photoxidation of cyclohexane on ferrierite and MoO x -ferrierite in a gas-solid continuous flow reactor.
Materials and Methods

Samples Preparation and Characterization
Zeolitic catalysts were prepared starting from Na, K-ferrierite (K 2.7 Na 1.1 Si 32.2 Al 3.8 O 72 12H 2 O, Engelhard-ferrierite EZTM-500, Engelhard Corporation, Iselin, NJ, USA), with Si/Al ratio of 8.4. The characteristics of the Na, K-ferrierite are shown in Table 1 . 16.8 Ferrierite was ion exchanged to ammonium form with 1 M solution of ammonium nitrate in order to obtain the NH 4 form (AFer). Powdered catalysts were prepared by wet impregnation of Afer with an aqueous solution of ammonium heptamolybdate (NH 4 ) 6 Mo 7 O 24 ·4H 2 O, drying at 120 • C for 12 h and calcination in air at 550 • C for 3 h. Table 2 contains the list of samples prepared with indications of the nominal MoO 3 load. The prepared photocatalysts were analyzed with different chemical-physical characterization techniques. The analysis of molybdenum amount in the photocatalysts was affected by inductively coupled plasma mass spectroscopy (ICP-MS 7500 Agilent spectrophotometer, Agilent Technologies Inc., Santa Clara, CA, USA)). Before the analysis, the samples were mineralized by microwaves apparatus with a mixture of hydrofluoric and hydrochloric acid, dried at high temperature, then dissolved with ultra-pure nitric acid in Millipore Q water [29] . Thermogravimetric analysis (TGA) was performed in air (at a heating rate of 20 • C min −1 ) using SDTQ600 (TA Instruments, New Castle, DE, USA) thermal analyser. In order to study the porosity of catalysts powder, the adsorption-desorption isotherms of the samples were determined by N 2 adsorption-desorption at −196 • C with a Thermoquest Sorptomatic 1990 (Thermoquest, Waltham, MA, USA). In this case, powder samples were outgassed (10 −4 Torr) and heated to 450 • C before each test. Fourier Transform Infrared (FTIR) spectroscopy was performed in the 4000-400 cm −1 range with a resolution of 2 cm −1 . To acquire the spectra, a Bruker IFS 66 FTIR spectrophotometer (Bruker Italy, Milano, Italy) was used. Samples were diluted at 1 wt % in KBr. The mixture was ground and a transparent disk of 100 mg was prepared with a press in vacuum. Disks are introduced into the proper chamber of the instruments and the scan was carried out at room temperature. UV-vis reflectance spectra of powder catalysts were acquired by a Perkin-Elmer spectrophotometer Lambda 35 (PerkinElmer Italia, Milano, Italy), equipped with RSA-PE-20 reflectance sphere (Labsphere Inc., North Sutton, NH, USA). The sample holder was inclined of 8 • and the reflectance was related to a calibrated standard SRS-010-99 (Labsphere Inc., North Sutton, NH, USA). The reflectance data were reported as Kubelka-Munk values versus the wavelength. Equivalent band gap determinations were computed, assuming that the dispersed MoO x phase behaves as direct gap semiconductor. The plot of [F(R∞) × hv] 2 as a function of hv (eV) permits the evaluation of the intercept of a line passing through 0.5 < F(R∞) < 0.8.
Photocatalytic Activity Tests
Photocatalytic activity tests were performed using the laboratory apparatus shown in Figure 1 . It consists of three sections:
• Feed section; • Reaction section; and • Gas composition analysis section.
All the gas pipes ( 1 4 " external diameter) are of Teflon, connections are made with Swagelok union and two, three and four way Nupro valves. All the connections are in stainless steel to avoid any corrosion due to the presence of water. All the gases come from SOL SPA with a purity degree of 99.999%.
Oxygen and nitrogen were fed from cylinders, nitrogen being the carrier gas for cyclohexane (CH) and water vaporized from two temperature controlled saturators. To feed an accurately controlled flow, Brooks measured flow controllers (MFC) are used, able to operate with a maximum pressure drop of 3 atm. A rotameter for N 2 is used for vaporizing water to feed to the reactor. In the reaction section a system of valves allows the reactants to go to the reactor, and the products to the analysis section, or, in the bypass position, the reactants to the analysis section to verify the reactant composition. All the gas pipes (¼'' external diameter) are of Teflon, connections are made with Swagelok union and two, three and four way Nupro valves. All the connections are in stainless steel to avoid any corrosion due to the presence of water. All the gases come from SOL SPA with a purity degree of 99.999%.
Oxygen and nitrogen were fed from cylinders, nitrogen being the carrier gas for cyclohexane (CH) and water vaporized from two temperature controlled saturators. To feed an accurately controlled flow, Brooks measured flow controllers (MFC) are used, able to operate with a maximum pressure drop of 3 atm. A rotameter for N2 is used for vaporizing water to feed to the reactor. In the reaction section a system of valves allows the reactants to go to the reactor, and the products to the analysis section, or, in the bypass position, the reactants to the analysis section to verify the reactant composition.
A fixed bed photocatalytic reactor (reactor volume: 7 L) with an anular section was used. The reactor is composed by two co-axially mounted 500 mm long quartz tubes having 140 and 40 mm diameter, respectively. The reactor was irradiated by seven 40 W UV fluorescent lamps emitting photons at wavelengths in the range 300-425 nm, centred at 365 nm. One lamp (UVA Cleo Performance 40 W, Philips, Milan, Italy) was positioned inside the inner tube and the remaining lamps (R-UVA TLK 40 W/10R flood lamp, Philips, Milan, Italy) were placed symmetrically around the external transparent surface of the reactor. The overall photocatalytic system was surrounded with reflectant aluminum foils. The temperature was controlled to 35 ± 2 °C by cooling fans. The fixed bed of the catalytic reactor was composed by quartz flakes coated in situ with aqueous slurry of catalysts powder. The coated flakes were dried at 20 °C for 24 h. A uniform coating, well adhering to the quartz flakes surface, was achieved. The amount of deposited catalyst, evaluated by weighing the reactor before and after the coating treatment was 20 g. CO and CO2 concentration at the outlet of the reactor was measured by an on line non dispersive IR analyser (Uras 10, Hartmann and Braun, ABB, Milan, Italy). Cyclohexane and reaction products were analysed by an on line quadrupole mass detector (MD800, ThermoFinnigan, Silicon valley, CA, USA). Catalytic tests were carried out feeding 830 Ncc/min N2 stream containing 1000 ppm cyclohexane, 1500 ppm oxygen and adding 1600 ppm water. The latter substance was fed to minimise possible catalyst photodeactivation phenomena [31] .
The catalytic performance was evaluated as: CH% conversion = 100 × (moles of inlet CH -moles of outlet CH)/(moles of inlet CH) BE% selectivity = 100 × (moles of outlet BE)/(moles of inlet CH -moles of outlet CH) CO2% selectivity = 100 × (moles of outlet CO2)/6 × (moles of inlet CH -moles of outlet CH) where CH is for cyclohexane and BE for benzene. A fixed bed photocatalytic reactor (reactor volume: 7 L) with an anular section was used. The reactor is composed by two co-axially mounted 500 mm long quartz tubes having 140 and 40 mm diameter, respectively. The reactor was irradiated by seven 40 W UV fluorescent lamps emitting photons at wavelengths in the range 300-425 nm, centred at 365 nm. One lamp (UVA Cleo Performance 40 W, Philips, Milan, Italy) was positioned inside the inner tube and the remaining lamps (R-UVA TLK 40 W/10R flood lamp, Philips, Milan, Italy) were placed symmetrically around the external transparent surface of the reactor. The overall photocatalytic system was surrounded with reflectant aluminum foils. The temperature was controlled to 35 ± 2 • C by cooling fans. The fixed bed of the catalytic reactor was composed by quartz flakes coated in situ with aqueous slurry of catalysts powder. The coated flakes were dried at 20 • C for 24 h. A uniform coating, well adhering to the quartz flakes surface, was achieved. The amount of deposited catalyst, evaluated by weighing the reactor before and after the coating treatment was 20 g. CO and CO 2 concentration at the outlet of the reactor was measured by an on line non dispersive IR analyser (Uras 10, Hartmann and Braun, ABB, Milan, Italy). Cyclohexane and reaction products were analysed by an on line quadrupole mass detector (MD800, ThermoFinnigan, Silicon valley, CA, USA). Catalytic tests were carried out feeding 830 Ncc/min N 2 stream containing 1000 ppm cyclohexane, 1500 ppm oxygen and adding 1600 ppm water. The latter substance was fed to minimise possible catalyst photodeactivation phenomena [31] .
Results and Discussion
The catalytic performance was evaluated as:
CH% conversion = 100 × (moles of inlet CH -moles of outlet CH)/(moles of inlet CH) BE% selectivity = 100 × (moles of outlet BE)/(moles of inlet CH -moles of outlet CH)
where CH is for cyclohexane and BE for benzene.
Physical-Chemical Characterization Results
Thermogravimetric analyses were carried out on zeolites used as support. Figure 2 shows the thermogravimetric (TG) and first derivative (DTG) curves of ferrierite in ammonium form (AFer) and of hydrogen ferrierite (HFer) obtained after calcination of AFer at 550 • C in air for 2 h.
Thermogravimetric analyses were carried out on zeolites used as support. Figure 2 shows the thermogravimetric (TG) and first derivative (DTG) curves of ferrierite in ammonium form (AFer) and of hydrogen ferrierite (HFer) obtained after calcination of AFer at 550 °C in air for 2 h. As evidenced by the DTG minima, the two samples showed an initial weight loss at temperatures lower than 120 °C due to the adsorbed water loss. AFer sample showed a second weight loss in the 200-500 °C range, which is absent in HFeR, due to ammonium decomposition. In both samples, another weight loss is present around 800 °C, due to water formed by hydroxyl condensation with the consequent collapse of the zeolite structure.
The porosity characteristics were obtained by N2 adsorption-desorption at −196 °C. The obtained results are reported in Figure 3 . As evidenced by the DTG minima, the two samples showed an initial weight loss at temperatures lower than 120 • C due to the adsorbed water loss. AFer sample showed a second weight loss in the 200-500 • C range, which is absent in HFeR, due to ammonium decomposition. In both samples, another weight loss is present around 800 • C, due to water formed by hydroxyl condensation with the consequent collapse of the zeolite structure.
The porosity characteristics were obtained by N 2 adsorption-desorption at −196 • C. The obtained results are reported in Figure 3 . The experimental data evidenced the microporous structure of parent AFer sample. Moreover, all the analysed photocatalysts showed very similar isotherms close to a type I, characteristic of microporous solids according to the IUPAC classification [32] . At higher relative pressures, the isotherms of MoFer solids show a very small hysteresis loop, evidencing low interparticles porosity.
The microporous volume was obtained by the Dubinin method and its value for all the samples are shown in Table 3 . The experimental data evidenced the microporous structure of parent AFer sample. Moreover, all the analysed photocatalysts showed very similar isotherms close to a type I, characteristic of microporous solids according to the IUPAC classification [32] . At higher relative pressures, the isotherms of MoFer solids show a very small hysteresis loop, evidencing low interparticles porosity.
The microporous volume was obtained by the Dubinin method and its value for all the samples are shown in Table 3 . The results obtained evidenced that the addition of molybdenum on zeolite structure, leads to a microporous volume reduction and in particular for MoO x /AFer samples, the microporous volume decreases with increase in Mo-loading. The strong reduction of microporous volume suggests the occlusion of zeolites pores by the molybdate species. Moreover, it can be seen that MoO 3 loadings evaluated by ICP-MS analysis are approximately equal to that one calculated for the impregnation process.
UV-VIS DRS spectra (not reported) were elaborated in order to determine the equivalent band gap energy for 5MoAFer and 20 MoAFer photocatalysts. The values are reported in Table 3 .
The band gap energy was similar to that of MoO 3 (3.2 eV) [27] and indicates that both photocatalysts can be activated only by UV light.
FTIR spectra of AFer, 5MoAFer and 20MoAFer are contained in Figure 4 . On all the samples, typical absorption bands of ferrierite in the range 400-1200 cm −1 are visible [33, 34] . Absorption at 1072 cm −1 is assigned to asymmetric stretching of SiO 4 A more accurately analysis about the MoOx species can be obtained from the analysis of FTIR spectra in the range 1100-800 cm −1 (Figure 5 ). A more accurately analysis about the MoOx species can be obtained from the analysis of FTIR spectra in the range 1100-800 cm −1 (Figure 5 [36] . As a consequence, the band at 920 cm −1 could indicate the presence of MoO 4 2− exchanged inside the ferrierite structure. On the 20MoAFer catalyst additional bands at 963 cm −1 , at 995 cm −1 and around 868 cm −1 (characteristics of MoO 3 crystallites) can be also observed [37] . A more accurately analysis about the MoOx species can be obtained from the analysis of FTIR spectra in the range 1100-800 cm −1 ( Figure 5 ). The obtained results are consistent with the available literature. More in detail, the bands near 960 cm −1 can be assigned to the stretching mode of molybdenyl species in hydrated form [38, 39] . In particular, they have been ascribed to terminal Mo=O stretching of octahedral polymeric surface species [38] . These results indicate that the formation of octahedral polymeric molybdate (Mo 7 O 24 6−) is achieved for the 20MoAFer photocatalyst. Ng and Gulari [40] have reported from IR and Raman experiments that tetrahedral surface molybdates are detected at low loading, whereas at monolayer coverage, octahedrally-coordinated polymeric surface species are formed and, bulk molybdenum trioxide appears at high loading. Quincy et al. [41] reported similar results. Considering all the previous observations, it is possible to argue that, for the 5MoAFer sample, MoO x are mainly present as tetrahedral species MoO 4 2− , probably linked to framework oxygens, whereas 20MoAFer displays the simultaneous presence of tetrahedral, octahedral polymeric molybdate and MoO 3 crystallites.
Photocatalytic Activity Results
Cyclohexane and CO 2 concentrations as functions of run time during a photocatalytic test on AFer are reported in Figure 6 .
In the absence of irradiation, adsorption of cyclohexane was observed. When the lamps were light on, the cyclohexane concentration started to decrease up to 20% with respect to the inlet value and then progressively increased in the time, reaching a steady state value of about 15% of cyclohexane conversion after about 120 min. Simultaneously, CO 2 production of 220 ppm and no CO nor other oxidation products were detected. Thus, photocatalytic oxidation of cyclohexane on AFer leads to a complete mineralization into CO 2 and H 2 O without formation of by-products.
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Reaction of photoxidation takes place within the ferrierite and can be considered to occur within an enclosed space, namely the 'reaction cavity'. The excited state of reactant molecules and their intermediates are confined in the reaction cavity during their lifetimes, so their mobility and flexibility will be limited or forced. The volume available for an organic molecule within cage and channels depends on the nature of exchanged cation. In the case of AFer the cation is NH4 + and a high microporous volume is observed. In general the zeolites offer a reaction cavity with "hard walls" and it is "active" because the interactions (weak van der Waals forces, hydrogen bonds, strong electrostatic forces between charged centres) between the guest molecule and the cavity are attractive or repulsive. The photochemical process is determined by both the guest and the host zeolite and the nature of chemical-physical interactions between them [20] .
The catalytic properties of faujasite catalysts in oxidation of cyclohexane in gas phase were reported in [42] . Spectral studies have showed a strong adsorption of cyclohexane on NaY zeolite at low temperature and the comparison of characteristic absorption bands at 1720, 1780, and 1820 cm −1 attributed to carbonyl and peroxide compounds. It has been proposed that their formation occurs by the reaction of cyclohexane with the free radical forms of adsorbed oxygen and that further oxidation happens from the oxygen from the gas phase. As a consequence deep and oxidative dehydrogenation occur, giving rise to carbon dioxide and benzene [43] .
In the case of photoactivity of AFer it is possible that thermal activation is substituted by UV-A photons activation. Indeed the very high electrostatic field in the zeolite cage can cause a red-shift of the cyclohexane O2 charge-transfer transition, as verified trough the green or blue light irradiation of a cyclohexane and O2 on NaY, resulting in the formation of cyclohexyl hydroperoxide and Reaction of photoxidation takes place within the ferrierite and can be considered to occur within an enclosed space, namely the 'reaction cavity'. The excited state of reactant molecules and their intermediates are confined in the reaction cavity during their lifetimes, so their mobility and flexibility will be limited or forced. The volume available for an organic molecule within cage and channels depends on the nature of exchanged cation. In the case of AFer the cation is NH 4 + and a high microporous volume is observed. In general the zeolites offer a reaction cavity with "hard walls" and it is "active" because the interactions (weak van der Waals forces, hydrogen bonds, strong electrostatic forces between charged centres) between the guest molecule and the cavity are attractive or repulsive. The photochemical process is determined by both the guest and the host zeolite and the nature of chemical-physical interactions between them [20] . The catalytic properties of faujasite catalysts in oxidation of cyclohexane in gas phase were reported in [42] . Spectral studies have showed a strong adsorption of cyclohexane on NaY zeolite at low temperature and the comparison of characteristic absorption bands at 1720, 1780, and 1820 cm −1 attributed to carbonyl and peroxide compounds. It has been proposed that their formation occurs by the reaction of cyclohexane with the free radical forms of adsorbed oxygen and that further oxidation happens from the oxygen from the gas phase. As a consequence deep and oxidative dehydrogenation occur, giving rise to carbon dioxide and benzene [43] .
In the case of photoactivity of AFer it is possible that thermal activation is substituted by UV-A photons activation. Indeed the very high electrostatic field in the zeolite cage can cause a red-shift of the cyclohexane O 2 charge-transfer transition, as verified trough the green or blue light irradiation of a cyclohexane and O 2 on NaY, resulting in the formation of cyclohexyl hydroperoxide and cyclohexanone with visible light [44] . These compounds can be considered as intermediates in the total oxidation of cyclohexane that instead occurs by far with AFer.
Different results were achieved in the photoxidation of cyclohexane on 5MoAFer and 20MoAFer (Figure 7 ). In these cases, the steady state cyclohexane conversion reached lower values (less than 1%), but the analysis of the reaction products disclosed the presence of benzene and cyclohexene, as identified from their characteristic mass fragments with together carbon dioxide. These results demonstrate that photocatalysed cyclohexane oxy-dehydrogenation to cyclohexene and benzene occurs on molybdenum-supported ferrierite since AFer alone exhibits high activity only in total oxidation to carbon dioxide but is not active for conversion to benzene and cyclohexene. Similar results were observed in the literature concerning the use of MoO x -based photocatalysts in the gas phase cyclohexane selective oxidation [27, 30, 45, 46] . 1%), but the analysis of the reaction products disclosed the presence of benzene and cyclohexene, as identified from their characteristic mass fragments with together carbon dioxide. These results demonstrate that photocatalysed cyclohexane oxy-dehydrogenation to cyclohexene and benzene occurs on molybdenum-supported ferrierite since AFer alone exhibits high activity only in total oxidation to carbon dioxide but is not active for conversion to benzene and cyclohexene. Similar results were observed in the literature concerning the use of MoOx-based photocatalysts in the gas phase cyclohexane selective oxidation [27, 30, 45, 46] . identified from their characteristic mass fragments with together carbon dioxide. These results demonstrate that photocatalysed cyclohexane oxy-dehydrogenation to cyclohexene and benzene occurs on molybdenum-supported ferrierite since AFer alone exhibits high activity only in total oxidation to carbon dioxide but is not active for conversion to benzene and cyclohexene. Similar results were observed in the literature concerning the use of MoOx-based photocatalysts in the gas phase cyclohexane selective oxidation [27, 30, 45, 46] . On both catalysts, after an irradiation time of 80 min, cyclohexane conversion obtained was less than 1% (about 0.6% on 5MoAFer and 0.2% on 20MoAFer). It reached a maximum value after about 15 min and then decreased to a steady state value, evidencing an initial catalyst deactivation. The lowest value of cyclohexane conversion on 20MoAFer could be explained considering the formation of MoO3 crystallites on the zeolite, in agreement with literature findings about the photoxidative dehydrogenation of cyclohexane in gas phase [46] .
Selectivity to benzene reached a very great steady state value (about 80%) on 20MoAFer while this value was 27% on 5MoAFer. On 20MoAFer benzene selectivity showed a value higher than 90% after about 10 min and then progressively decreased with irradiation time. Instead, on 5MoAFer, there was a progressive increase up to a steady state value. Similar behaviours were obtained for cyclohexene selectivity and its steady state value was very low for both catalysts (about 2% on 5MoAFer and 2.5% for 20MoAFer). In summary, there was a decrease of cyclohexane conversion and an increase of benzene and cyclohexene selectivity by increasing the Mo loading. It is interesting to note that with the increase of Mo loading, CO2 selectivity was strongly reduced, taking into account the high value found on 5MoAFer (71%). The presence of polymolybdate anions enhances the On both catalysts, after an irradiation time of 80 min, cyclohexane conversion obtained was less than 1% (about 0.6% on 5MoAFer and 0.2% on 20MoAFer). It reached a maximum value after about 15 min and then decreased to a steady state value, evidencing an initial catalyst deactivation. The lowest value of cyclohexane conversion on 20MoAFer could be explained considering the formation of MoO 3 crystallites on the zeolite, in agreement with literature findings about the photoxidative dehydrogenation of cyclohexane in gas phase [46] .
Selectivity to benzene reached a very great steady state value (about 80%) on 20MoAFer while this value was 27% on 5MoAFer. On 20MoAFer benzene selectivity showed a value higher than 90% after about 10 min and then progressively decreased with irradiation time. Instead, on 5MoAFer, there was a progressive increase up to a steady state value. Similar behaviours were obtained for cyclohexene selectivity and its steady state value was very low for both catalysts (about 2% on 5MoAFer and 2.5% for 20MoAFer). In summary, there was a decrease of cyclohexane conversion and an increase of benzene and cyclohexene selectivity by increasing the Mo loading. It is interesting to note that with the increase of Mo loading, CO 2 selectivity was strongly reduced, taking into account the high value found on 5MoAFer (71%). The presence of polymolybdate anions enhances the oxidative dehydrogenation reactions, since the selectivity to CO 2 was further decreased to about 18% for 20MoAFer.
In summary, photocatalytic activity tests on all the catalysts evidenced that the presence of MoO x species probably on the surface of AFer changes the selectivity of the catalyst with increasing molybdenum content indicating that the interaction between the zeolite and the molybdenum oxide species plays an essential role in changing the catalyst selectivity.
FTIR spectroscopy data coupled with photocatalytic activity results showed that the selective formation of benzene is likely due to the presence of polymolybdate species present on the AFer surface. It could be argued that polymolybdate species occupy the reaction cavities where the total oxidation of cyclohexane occurs. These results are consistent with our previous research studies dealing with MoO x /TiO 2 and MoO x /Al 2 O 3 photocatalysts [27, 46, 47] . In these papers, it was also extensively reported that the photoexcited octahedral polymolybdate species are able to activate the photo-conversion of adsorbed cyclohexene to form benzene through hydrogen abstraction in liquid phase. It was also reported that photoexcited decatungstate is able to initiate the selective oxidation of the cyclohexane to cyclohexanol and cyclohexanone by means of a hydrogen abstraction mechanism in aqueous solution, followed by reoxidation of the tungstate by O 2 [48] .
From these considerations, it is possible to hypothesize a possible mechanism of reaction involving the polymolybdate species in the selective conversion of cyclohexane to benzene and cyclohexene. In detail, the photoexcited octahedral molybdate (Equation (1)) is able to initiate the oxidative oxidative dehydrogenation of adsorbed cyclohexane to cyclohexene (Equation (2)), which may desorb (Equation (3)) or in turn further oxy-dehydrogenate to benzene (Equation (4) 
Photoreduced molybdate is than probably regenerated by the reactive oxygen species generated by the irradiation of the zeolite [20] .
Conclusions
The occurrence of photocatalysed heterogeneous oxidative dehydrogenation of cyclohexane to benzene and cyclohexene in mild conditions has been preliminarily studied in a gas-solid annular photocatalytic fixed bed reactor in the presence of MoOx functionalized ferrierite, showing interesting selectivity to benzene and cyclohexene. The formation of polymolybdate species on the zeolite was observed on the MoO x functionalized ferrierite, occluding the microporous volume of the AFer. This effect was beneficial in reducing the amount of carbon dioxide produced by the complete oxidation of cyclohexane, occurring in the absence of MoO x species. Indeed, a very high selectivity to benzene (about 80%) was obtained at the highest investigated Mo loading (20 wt %). A preliminary mechanism for the photocatalytic action of polymolybdate was presented, evidencing the key role of these species towards the selective conversion of the cyclohexane to benzene and cyclohexene. However further studies are necessary to improve the low conversion of cyclohexane found on MoO x functionalized ferrierite.
